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Intracerebral transplantation: basic and clinical applications 
to the neostriatum 

LISA J. FISHER AND FRED H. GAGE 1 

Department of Neurosciences, University of California, San Diego, La Jolla, California 92093-0627, USA 



ABSTRACT Many studies have used the intracerebral 
transplantation technique to study the neostriatum. Most 
of this work has been conducted in two well-characterized 
animal models of striatal dysfunction: the rat model of 
Huntington's disease (striatal damage) and the rat model 
of Parkinson's disease (damage of dopaminergic nigrostri- 
atal afferents). In animals with striatal damage, fetal stri- 
atal tissue implanted into the neostriatum (homotypic 
transplants) displays a remarkable anatomical and func- 
ti nal incorporation into the host brain. These homo- 
typic grafts also induce a wide range of behavioral im- 
provements in experimental, animals. In contrast, fttal 
substantia nigra neurons implanted into the dopamine-^ 
depleted, neostriatum (heterotypic transplants) generally" 
■ ; ^ host brain and| 

. elicit vfewer Sbehaviorai^i Nonetheless, the! , 



The neostriatum plays a critical role in motor processing 
within the brain, as evidenced by the emergence of marked 
motor dysfunctions when either the neostriatum or striatal 
afFerents are damaged. Such injuries are manifest as the clin- 
ical syndromes of Huntington's disease and Parkinson's dis- 
ease, respectively, and have been mimicked in several animal 
models. To understand some factors involved in striatal 
processing, tissues have been implanted into the neostriatum 
to replace discrete components of the system after ex- 
perimental damage. In addition to revealing insights into the 
striatal circuitry, such tissue replacement also provides a 
method for characterizing factors that contribute to CNS de- 
velopment and the restoration pf function after brain damage. : 4 

The .neural, tissues used for grafting typically are obtained ~ 
from ernbryohi from the adult brain ?> ; i|_. 



i . ; - factors within . the : adult brain that p neuronal de-| 

[J4^-\^li5pmiBn^V ^u^^resu^sj/haye^ r ven^ 

^ s C"Couraged the clinical "use i of ^intracerebral grafts for the! 
1 treatment of Parkinson's disease. Recent studies have eni-f 
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functionally ;re^ brain?: ;Tke; j 

answec:rb£^ 
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[plasticity 'bf^.thebr^^l).^pni ... , 

been, extensively explored - with die grafting technique is the| 
neostriatum, a region of the basal ganglia that is composed 
of uie caudate nucleus and putamen. This stmctu re displays |; 
a compartmental organization (2) that is characterized by a:f 
heterogeneous distribution of biochemical markers (3). The * 
predominant neuronal cell lype present .within the neostria- 
tum is the medium spiny neuron (4), so termed because of 
the dense protuberances present on the dendrites. These 
cells, which are the principal output neurons of the neostria- . 
turn, appear to use 7-aminobutyric acid (GABA) as a neu- * 
retransmitter and extend fibers to the substantia nigra and 
globus pallidus (Fig. L4). . The medium spiny cells are, in 
turn, the primary targets of afferent fibers from the cerebral 
cortex, thalamus, and substantia nigra. A smaller population 
of cells within the neostriatum has been identified as 
cholinergic interneurons and is characterized by large s - 
mata, smooth dendrites, and long axonal processes that are 
extensively ramified. 



'-'brainr^ 
;;areaof trie-br^ 



pear ; to show" greater anatomic and functional integration !*& h c 
into rjie.CNSthan those that are miplanted into heterotypic 
sites (ectopic locations, for the grafted cells). 1 
v In this review, we discuss studies that; have' used the graft- • i 
ing technique to explore the development; organization, and>> ^ 
^plasticity ^ u ;y r f 

characterizedfmc^el systems o 

toxic legions of the neostrianim (5; 6) and ^ l v | 

(6-OHDA) lesions of nigrostriatal afferentsX^ 
model; systems, r we present . some contrasting properties of- 
cells implanted into homotypic . and o 'heterotypic : sites.-. - 
Although most of the work in these model systems has cen- 
tered cn the use of fetal neu ions for grafting, recent progress 
with the development and use of alternative tissues in the 
grafting strategy will also be described. Finally, the applica- 
tion of intracerebral grafts for human therapy, an approach 
that is already being pursued, is discussed. 



'lb whom correspondence should be addressed, at: Department 
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San Diego, 9500 Gilman Dr., La Jolla, CA 92093-0627, USA 

Abbreviations: CNS, central nervous system; GABA, Yamino- 
butyric acid; 6-OHDA, 6-hydroxydoparnme; TH, tyrosine hydrox- 
ylase; NGF, nerve growth factor, EPSP, excitatory postsynaptic 
potential; IPSP, inhibitory postsynaptic potential. 
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A. INTACT NEOSTRIATUM B. HOMOTYPIC GRAFT C. HETEROTYPIC GRAFT 
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HOMOTYPIC NEURAL GRAFTS INTO THE ♦ ^ neostriatal prirnordia^^ in jL 

^'NEOSTRIATUM ' v .'; : ; % kjtl.*'*'- stUdjy that cx^loxed the morphological properti ^ff' '-j$Qv*<:i 

V/V-':.^ ^&;;vn;\ . -A. ..v-. ,>vo--., ^;cu ^||^ .sueVderiveti.froro 

::JGells ^ithiff tl4 neostriatum, can be selectively ctestro^ 

? ^^ecting;exafetbxi£ substances, such^ais kainic^acid a^pjayed^ai^^ 
^^enlfaaflfirtfo the striatal parenchyn^flh^rats^ were/predoi^ 

•* ^induce Regeneration and death of ■ medium spmy ft%u- - \dissecte^ charac^ 

^-rohi; : -a^iruQk^ge of the striatum, arid a correspondin^h- 

;i 'l ^^ment^of the*, lateral ventricle (5^ 6). Consequently, 
; excitotoxiri-treated rats display a range of behavioral deficits, 
including nocturnal hyperactivity, impaired coordinatedruse 
of forelimbs, and cognitive dysfunction. 

Striatal neurons that are lost after excitotoxic insult can be 
effectively replaced by implanting fetal striatal tissue into the 
damaged regions. Embryonic neural precursors derived 
from the fetal telencephalon that are implanted into the le- 
sion site shew extensive proliferation in the host brain and 
expand to fill the shrunken region. Within these implants, 
both medium spiny neurons and large aspiny interneurons 
have been identified (8-10). In additi n, the grafts also typi- 
cally contain cell types that are unusual for the adult stria- 
tum (11). Most f these ceils appear t originate from nonstri- 
atal regions f the embryonic brain that are inadvertently 
retained in the grafting preparati n during isolation of the 



^ terized by ^piiucity of striatal markers; -However* not all -ef? r ^v" 
v the; unusualceUsvvi thin grafts derived from both of the ganr - 
• glidnic eminences may be nonstriatal, but rather striatal cells ^ 
that express developmentally immature properties. For ex- 
ample, some cells within the grafts display large somata and 
labeling for calcium-binding protein (calbindui), which are 
two properties that are typical of striatal neurons during 
early postnatal time periods. Further, medium spiny cells within 
the transplants are often found to display a low density of 
spinfs (8, 10), which is characteristic of cells within the 
perinatal striatum (13). Such observations suggest that neu- 
ronal precurs rs from the fetal striatum differentiate ap- 
propriately but may not fully devel p when implanted into 
the adult brain. 

A potentially arrested developmental state of grafted cells 
suggests that extracellular cues play a crucial role in the 
maturation of neuronal precurs rs. If the devel pment of 
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neurons was directed prer! minantly by intrinsic signals, 
cells implanted into a novel environment should fully mature 
regardless of external fact m. However, results from a series 
f elect rophysiol gical studies of the functional properties f 
fetal striatal cells implanted int the neostriatum indicate 
that the developmental status f neuronal precursors within 
transplants may be complicated t define and probably 
reflects a combinati n f both internal and external 
influences. For this work, embryonic striatal tissue was im- 
planted into the kainic acid-treated neostriatum of adult rats. 
Using in vivo recording techniques, medium spiny neurons 
identified within the grafts by intracellular injection of the 
marker biocytin were found to display a variety of mem- 
brane properties that are unusual for mature spiny neurons 
(14; Table 1). Specifically, input resistances of the cells were 
tw - to fivefold higher than normal and the time constants 
were unusually long. These properties appeared to reflect an 
absence of the anomalous rectification prominent in spiny 
neurons in the adult neostriatum (15). Because anomalous 
rectification is a property that appears late in the develop- 
ment of spiny cells (13, 16), such results suggest either that 
the intrinsic developmental time course of grafted neurons 
has been altered (delayed) or that the cells may not receive 
adequate guidance from the extracellular environment. Of 
these two possibilities, the latter seems more likely for several 
reasons. First, the grafted cells never appear to develop 
v , intervals of as longer 

^ -j^^^^:^^* 9*ra physiological properties of ; 
3-}*^ with; a tihieicour9e|y; 

^. P^Uiataj (17).,The ^ 

* 4?S^^^RP? U M^ of grafted neurons : thatishow immature^ 
H a (J^^^^^^f^n offers some insights into striatal^ 

grafting^echnique fork 

acutely d?pendent:on appro^ 

mental signals: anomalous rectification may be expressed byf 
neostriatal neurons only ui response to specific external cues, ; * 
whereas mature potassium currents can develop either inv 
dependendy of/ex^acellular signals or with , little external^ 
more^fundkniental level, divergent properties 

.f^^Pl^^ffiSy^^Have: lite cells ^may >e^c&playirigf>l 
a , V n f9 u S ^^PPmentaji state that is characterized by a range 
of feature that span a broad devdopmental time frame Al- 
^atiy^y. ^ ^mixture of , developmental properties ex- I 
press -J by the grafted neurons may simply reflect the extent; 
, ro^which the cells incorporate into the host circuitry Indeed, 
both the host innervation of the grafts and the response of the 
implanted cells to host stimuli are subnormal (see below). 
Distinguishing between these possibilities remains an area of 
continuing investigation. 

* Although grafted striatal neurons express some properties 
that differ from mature counterparts, they show a remarka- 
ble integration into the striatal circuitry (Fig. IS). Implanted 
neurons that appear to express a GABAergic phenotype ex- 
tend fibers both t th globus pallidus and t the substantia 
nigra (18, 19). In turn, cells within the grafts are innervated 
by all of the maj r striatal efferent pathways originating from 
the cortex, thalamus, and substantia nigra (18, 20-22). 
However, this host inn rvation f the graft is typically sparse 
and the ingrowing fibers tend to form an unusually high inci- 
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TABLE 1. Characteristics of adult, neonate, grafted neurons within 
striatal tissues* 



Property 



Anomalous rectification 
Af ter-h ype.yolarizat ion 
Transient IPS? 
£PSP latency 
Us potassium current 
Spine density 

•Table modified from rcf 13. 



Adult 


Neonate 


Graft 


Yes 


No 


No 


Yes 


No 


No 


No 


Yes 


Yes 


Short 


Long 


Long 


Yes 


No 


Yes 


High 


Low 


Low-moderate 



dence of synaptic connections onto dendritic shafts (21, 22). 
Such atypical innervation patterns appear to be reflected in 
the electrophysiological responses of the grafted cdls to host 
stimuli. Specifically, stimulation of the cortex and thalamus 
has been found to evoke an unusual, pronounced, and tran- 
sient inhibitory postsynaptic potential (IPSP) in the grafted 
neurons that gradually disappears and is replaced by an ex- 
citatory postsynaptic potential (EPSP), which is smaller than 
normal and lacks the after-hyperpolarization that character- 
izes spiny neurons in situ (14). Similar responses have been 
described for neostriatal neurons during the first few postna- 
tal weeks (13; see Fig. 2, Table 1), suggesting that the afferent 
innervation of ^ irnm^re. 
;Npn<*h^ 

is caoable' of np&WVn^^ ?V 



v *->.v^v^ r ^y5«^ ^iai<iu^cri5uui 01 . nomorypur striatal grans, * 
ime^funcrjb^ 
profbund^ll^ 

treated riats ^ &£re ; aWim* ^ 

prc^ei^^ 
tive^abiKhe^ 

always sbme*^^ v 
abnormalftie^ ^ ^ 




n^eived implants i of homotyjnc fetal tiMe w^ ' 
their ability ta perform a visual ^ jb^fl^u v im- 
pajred iii: rats with striata] lesions (28); • T^e^t^^}^ 
initially quite impaired -iiii this taslc when a^essed 
post-transplantation, but shewed a rapid amehoration of this 
deficit with repetitive training. These improvements did not 
appear to reflect the formation of additional graft-host cir- 
cuitries, as the enhancements occurred over a matter of a few 
days. Rather, these results suggest that information learned 
by the host brain must be conveyed to the grafted neurons 
to fully ncruit their participation in CNS functioning. 



HETEROTYPIC NEURAL GRAFTS INTO THE 
NEOSTRIATUM 



The substantia nigra pars 
dopaminergic projection to th 



compacta sends a large 
neostriatum. This pathway 
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neurons deep within the grafts but striatal fibers remain 
predominantly confined t regions of the graft-host int rface 
(30). The grafted dopamine neurons extend axons as far as 
2 mm into the h st ne striatum, where many f tm normal- 
looking contacts ont medium spiny neurons. However, 
there is also a disproportionately high number of synapses 
formed onto the dendritic shafts of these cells (31, 32). Fur- 
thermore, processes from the grafted cells have also been 
found tc terminate in a completely abnormal manner on the 
somata of the aspiny interneurons (31). 

Unusual anatomical connections between grafted nigral 
cells and the host brain may reflect a developmental^ imma- 
ture status of the implanted neurons and/or new neural cir- 
cuitry. Indeed, there is evidence to suggest that dopamine 
neurons within the transplants may not fully mature within 
the adult host. As long as 7 months post-transplantation, 
these cells have been found to be covered with bulbous spines 
and glial processes in a manner characteristic of neonatal 
dopamine neurons (33). Also, the spontaneous elec- 
trophysiological activity of grafted nigral neurons is marked 
by extremely slow-firing, wide-action potential wavef rms 
and doublet bursting patterns through 5 months postgrafting 
(34), a distinctive set of properties that has been found in 
substantia nigra neurons only during the first few weeks after 
birth (35). In contrast, the metabolism of dopamine within 
the grafted cells* is characteristic of intrinsic nigrostriatal 
neurons (29), and the implanted neurons . respond '-to'^k 
challenge wim'^ 



Si^( findings^ are ; consistent With observations < from ■ . ' 
humotypt^ 

— — na -precursors' are intrinsically determined, whereas ; 
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^^bntterahd-g^fted^ 

- ■ ? - . . j:: cells diSDiav more mature elect roDhvsioloBrical DroDerties at ; 



^/ U u/^; v^^iic l tetl^by v coirt ieal ■ ,st im ul^t ion- Within 1 1 

^h:^ . > ^er-h^i^ipptanzation ; ls^absent; ( in spuiy^neur^ ^lter ;: outgrpwin ; Jptri i . cells |^r[:^ajnted , im;c> . thg 

£p ' ' bare /^.pO ^tX^ i£^ia|^^ , ^ 

1 and striatal graft were mo^ifi^ fiim nef 14. Nigral neurons grafted onto the intact' neostriatum' Sinless 

'*f ■ .T-i'^'fr^;^ u^l— ? - \< * -^c^j-^ t? tl^ji ^;{h^ifth^^xtOT patterns ^jfiat^fy pify ce^Si: - ; 4 

grafted onto me neostriatum of nep^ ■ M).-,ft&the jgjv. ^ ' 

tal 1: neurons .were .subjected to the,, same' experimental ; 
manipulations before grafting in - these studies, the^diyerse; \ 



Trace ' from 'neonate courtesy 
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; courtesy pfJ.j;^^Tepper and :K Trerit-M J-/ '/;;ihani 



t ■> can ^ selectively eliminated ^ by injectm gn?w^lv patterns) displayed 



,the^cdlsv,undervdifferent en~ 
;ht:the importance of extracel-V l r 



tK!^^ characteristic behavioral . ' cbrisequences of unilateral ^*:" : I]^»^l5^t<3ra oii neuronal development and/or plasticity. 



H^t^ii ffiP^PW* !pss. from' the neostriatum is the tendency . <^thej^ r '^ei^mgjh^^ neurons/^rap£uited. ; . iiJto the o^OHliS 
wsilk in a pirde when injected w a'subset.of the be? 



agonists. This locomotor pattern has been termed rotational 
behavior and provides an index of dopamine levels within ' 
the denervated neostriatum (29). This behavior has thus^Tre- 
quendy been used to assess the extent to which intrastriatal 
grafts of fetal substantia nigra tissue can restore dopamine 
content and function in the neostriatum. 

Fetal substantia nigra neurons grafted ectopically in or ad- 
jacent to the dopamine-denervated neostriatum survive well 
and integrate anatomically int the h st brain (Fig. 1C). 
However, s me of these interactions are atypical of nigral 
connecti ns in the adult brain. When transplants are as- 
sessed at long postgr . ft intervals that should reflect a stabi- 
lized h st-graft circuitry, the grafts generally show sparse 
afferent input from CNS structures that normally innervate 
the substantia nigra in situ. There is some cortical input to 



havioral abnormalities that emerge after the lesion. The first 
described effect of substantia nigra grafts on dopamine- 
depleted rats, which has been replicated many times, was the 
reduction or complete abolition of drug-induced rotational 
behavior (1). Improvements were found to be dependent 
both on the position of the grafts in the neostriatum and on 
the presence of dopamine neurons within the grafts. An ther 
impairment that recovers after grafting is sensory respon- 
siveness to peripheral stimuli. This improvement has also 
been linked to a precise neostriatal 1 cus and reaffirms the 
usefulness of grafts in identifying functional domains within 
the brain (41). Am ng those behaviors that typically remain 
impaired after transplantati n arc the coordinated use of 
forelimbs (42) and an activity termed disengage behavior 
(43). The persistence of these deficits postgrafting has been 
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suggested to reflect the limited extent to which the implanted 
neurons anatomically and functionally integrate int the 
host circuitry. If this hypothesis is correct, then further recov- 
eries should be realized if graft -host integration could be im- 
proved. This is precisely the finding of two recent studies 
that described a technique for achieving widespread distri- 
bution of grafted neurons and their associated processes 
throughout the neostriatum (44, 45). In these experiments, 
fetal nigral neurons suspended in grafting solution were in- 
jected into the neostriatum either by using standard trans- 
plantation procedures (a few deposits in one or two sites) or 
in 18 small deposits. The dispersed micrografts displayed 
greater reinnervation of the host neostriatum and increased 
dopamine levels above that observed with the macrografts. 
Most important, however, wa* the finding that skilled fore- 
limb use and disengage behavior were both improved by the 
small, multiple grafts. These results indicate that, under ap- 
propriate conditions, fetal neurons have the capacity for ex- 
tensive incorporation into the adult CNS and for recapitulat- 
ing neural circuitries in the damaged brain that haw* 
profound functional consequences for an implanted host. > 



NON-NEURAL TRANSPLANTS INTO THE 
NEOSTRIATUM. 
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neostriatum (49). Such results have been suggested t indi- 
cate that decreases in apom rphine turning reflect the 
influence of nond paminergic substances, such as trophic 
factors, that are released from grafted cells and recruit the 
involvement of the host brain. An alternative explanation, 
however, is that reductions in apomorphine turning may oc- 
cur when dopamine content within the neostriatum is sup- 
plemented by only very small quantities. A corollary of this 
possibility is that improvements in apomorphine rotational 
behavior may be acutely dependent on the location of the 
grafted cells within the neostriatum. 

Evidence that supports the possibility that recovery of 
apomorphine rotations may occur with low-level and/or site- 
specific supplementation of dopamine within the neostria- 
tum has been provided by work with genetically modified 
cells implanted into the brain. The powerful advantage of en- 
gineered cells over other cell types for grafting is that a popu- 
lation of cells can be genetically modified to express only one 
single factor that is different from the original parent popula- 
tion. Thus, changes in function or behavior that occur after 
the intracerebral implantation of the modified population, 
but not its parent population, can be linked to the presence 
of the single engineered product. 



: t Early. work^ith ( ^feta3^ nigral neurons implanted;: Jntol ' ; 
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dfug;administer^ rats turn mf * ; cells ^ ' V 

the direction nnnhsiro ilU nW^*;™^* ; e — * factors that are involved in neural re^heration in the adult 



the direction opposite to me neostriatum that is most active 
Thus, the dopamine-releasing drug amphetamine increases 
dopamine levels within the intact neostriatum and induces 
ipsiversive rotations, whereas the dopamine receptor agonist 
apom rphine predominantly stimulates postsynaptic dopa- 
mine receptors that increase in the denervated neostriatum 
after the lesion and induces contraversive rotations (47, 48). 
When 6-OHDA-treated rats are implanted with adrenal cells 
and tested for rotational behavior, both apomorphine- and 
amph tamine-induced turning are reduced. However, only 
the decreased rotations that are bserved in response to am* 
phetamin have been cow elated with increased dopamine 
levels within the neostriatum (49). Reductions of 
apomorphine*induced turning occurs in th absence of in- 
creased levels f dopamine ither in serum (50) or within the 



>"5*- : - r - 

brain; For example, skin Sbroblasts obtained from rats have 
been genetically modified to produce the neurotrophic 
molecule nerve growth factor (NGF) and then implanted 
into the intact neostriatum of adult rat hosts (54). Fibroblasts 
that were not genetically manipulated were grafted for con- 
trol cor iparisons. Both populations of peripherally derived 
cells survived equally well within the CNS environment, but 
showed markedly different effects on the host brain. 
Specifically, the NGF-producing grafts were characterized by 
a dense ingrowth of fibers that showed immunohistochemical 
labeling for NGF receptor and appeared t be cholinergic. 
In contrast, nonmodified fibroblast grafts were devoid f 
such processes. This observati n was consistent with previ- 
ous work indicating that, in addition t its well-known effect 
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on ch linergic survival, NGF acts as a tropic m lecule f r 
adult ch linergic ax ns. M st striking, however, was the 
finding that host axons appeared to use astrocytic processes 
that had penetrated into the NGF grafts as a preferred sub- 
strate f r growth (Fig. 3). Notably, the lack of axonal in- 
growth on astrocytic processes within the control grafts indi- 
cated that astr cytes may act as a conducive substrate for 
axonal regeneration only in the presence of appropriate ex- 
ogenous factors. Such findings refute the notion that glial 
scars are necessarily a barrier to axonal regeneration, and 
they suggest methods for exploiting the growth-permissive 
properties of reactive astrocytes after injury. 



CLINICAL WORK 

Parkinson's disease is characterized by the degeneration of 
dopaminergic neurons within the substantia nigra and the 
subsequent loss of dopamine content within the neostnatum. 
Currently, the most common method for treating the disease 
is the oral administration of the dopamine precursor L- 
dopa, which is used instead of dopamine because it can cross 
the blood-brain barrier before it is metabolized. Although 
this compound can control many adverse symptoms of the 
disease; long-term treatment typically results in diminished 
and/or fluctuating responsiveness to L-dopa and the emer- 
gence of additional motor dysfunctions. Results indicating 
that intrastriatdi , grafts of dopaminergic^ 






w 

fat 




vantage of this tissue for human therapy is the necessity for 
using aborted material. In addition tp generating ethical de- 
bates (55), the use of nonautologous tissue poses the risk of 
host rejection of the foreign cells after transplantation^ 
However, the lack of effective long-term therapy for Parkin- 
son's disease has encouraged the investigation of neural 
transplants as an alternative approach for treating this dis- 
rder. T date, more than 100 Parkinsonian patients have 
received implants f neural tissue from embryonic substantia 
nigra (56). Marked improvements, as defined by increased 
responsiveness to L-dopa therapy (lower doses required f r 
controlling sympt ms and less fluctuations), have been ob- 
served in a significant number of cases. Recently, impressive 
results have also been reported for two Parkinsonian-like pa- 



3jf functioning of humahifa^hi^ 

" sbraih^^i pM^i^t * ViS^i"^^ 1 : ■ ^^^'■•^^^.ir?^ t 
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implic 

for developing a therapy for humans with Huntington's disjf 
ease. However, several aspects of this disease make it 
challenging to treat. First, it is difficult to identify a point at 
which grafts should be used to intervene in the striatal neu- 
rodegeneration. Second, as the mechanisms responsible f r 
killing striatal neurons remain unknown, it is possible that 
ne My implanted striatal neurons may succumb to the same 
disease pr cess. However, even if destruction of the grafts 
does occur, the implanted cells may provide s me degree of 
striatal integrity that results in 1 nger protection to the com- 
promised system. Thus, interest in using grafts for Hunting- 
ton's disease remains high and such a strategy will probably 
be developed with caution as more is learned from work with 
Parkinsonian patients that have received fetal transplants. 
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FUTURE DIRECTIONS 

One of the newest developments in the grafting technique 
has been the introduction of multip tential neural precur- 
sors as an alternative don r material f r transplantation (58, 
59). These cells were generated by inserting an oncogene 
into pr liferating cells isolated from the embryonic or ne na- 
tal brain. The cells could then be easily grown and manipu- 
lated in vitro and well characterized before implantation. 
When grafted onto the CNS, such cells have demonstrated 
a remarkable plasticity by differentiating into diverse neu- 
ronal and glial cell types that are appropriate for the site of 
injection. In addition to providing crucial insights into the 
factors involved in neural development, the generation of im- 
mortalized precursor populations that are capable of 
differentiating into multiple CNS ceil types in vivo has 
significant implications for the treatment of neural dysfunc- 
tion. Such cells may be manipulated toward a lineage that 
synthesizes factors of interest and may be used in grafting 
strategies to replace substances that are lost after injury or 
in neurodegenerative disease. Alternatively, precursor cells 
may be directed to a particular neuronal lineage, and used to 
functionally recapitulate damaged neural systems. Finally, 
genetic modification of precursor populations may provide a 
.. method foruntroduring therapeutic gene products into the' 
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